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Abstract 
In this paper, the corrosion damage to two reinforced concrete cylindrical tanks for raw and treated water is compared.  Technical 
conditions of the analyzed structures vary. They were affected not only by environmental conditions but also by construction and 
assembly errors. The authors propose a concept for rehabilitation. 
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1. Introduction 
In the paper, the technical conditions of two cylindrical reinforced concrete tanks located in a thermal power 
plant near Warsaw were described and compared. The tanks had been exploited for twenty years. They were 
constructed according to the codes valid in the last century. In those codes, the regulations for durability of 
reinforced concrete structures were not as strict as the regulations in the current codes. Recently the durability of 
structures became a very high concern of engineers and scientists, and it was reflected by the regulations established 
in EN 206-1 [1]. Eighteen exposure classes related to environmental conditions, to which the structure is exposed, 
were introduced. Other restrictions related to the exposure class are formulated, such as composition of the concrete 
mix, minimum concrete compressive strength, minimum concrete cover, etc. In the paper, corrosion damage to two 
tanks is described and compared. The concept for the rehabilitation of the reinforced concrete shell was proposed.  
2. Description of the tanks 
Two underground tanks of the same type were constructed at the beginning of 1980’s for one of the thermal 
power plants near Warsaw. The volume of each was 315 m3. The project was typical. One of the tanks was designed 
for raw water coming from the water supply system. The other one was used for treated water, refined from ferrous 
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water and purified with the use of ionic techniques. The tanks are partially elevated over the terrain level and 
covered with a soil layer of 60 cm.  
The tanks’ structures are mixed. There are monolithic elements such as a bottom slab, central column, and walls. 
There are also prefabricated elements: a reinforced concrete cover supported by the wall and the central column. The 
entry chamber to the tank consists of ceramic bricks and a reinforced concrete slab. 
Each of the tanks consist of one chamber, see Fig. 1. They are cylindrical shells with a vertical axis of revolution. 
The walls are of constant thickness of 18 cm and are monolithically connected with the bottom slab. The cross-
section of the central column is circular with a diameter of 40 cm. It is widened at the base and finished with a 
capital at the top. The bottom slab is 35 cm thick. The tanks’ covers consist of twelve prefabricated reinforced 
concrete slabs in the form of sectors. They are 15 cm thick. 
Other basic geometrical data of the tanks: 
x  internal diameter of the cylindrical tank   9.00 m; 
x  height of the cylindrical shell    5.60 m; 





b)                          
Fig.1. The underground tank with a central column (a) vertical cross-section and (b) horizontal cross-section. 
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3. Damage to the structure 
Below, the exemplary photos of the typical damage to the tanks are presented. Similar damages can be observed 
in both tanks (for raw and treated water). In the tank for treated water, there are more localizations where the 
concrete of the wall were not cast properly. In Fig. 2a, the bottom surface of the prefabricated slabs of the cover is 
shown. The slabs are supported by the external walls and by the central column. As shimming pads, reinforcing steel 
bars of small diameter were used. They were corroded due to small concrete cover. In Fig. 2, it can be seen that the 
spaces between the cover slabs are not completely filled with mortar. Very thin concrete cover applied in the capital 
of the central column initiated the corrosion of the main reinforcement (see Fig. 2). 
In accordance with the structural design, there are two technological breaks in the walls dividing consecutive 
stages of the construction. The first joint is localized close to the base of the wall. The second one is localized about 
2.5 m above the first joint. Technological breaks are clearly visible, and the concrete in their vicinity is not 
compacted adequately (see Fig. 3). Moreover, there are discrepancies with the project. The joints are not horizontal 
and are not executed correctly. Sealing tape in the undulating joint does not fulfil its function.  
In the tanks’ walls, the technological breaks and their random localization are clearly visible (see Fig. 4). In their 
vicinity the concrete is segregated and not connected with the previous layer. It is quite probable that at the 
beginning of the new casting section, the concrete has been blocked by the longitudinal reinforcement.  
During the inspection, the water was observed under the old water resistant coating on the technological breaks 
and cold joints (unintended random concrete casting section). The maintenance staff estimated a leakage of over 200 
m3 of treated water per week. A leakage used to significantly slow down when the level of water was low (1.5 m).  
The leakage in the tank for raw water was much smaller. It was noticed that the soil in the vicinity of the tanks was 
not softened. There was no lush vegetation near the tanks either. It suggests that the water leakage supplies the 
nearby drainage system. All the defects and leaks accelerate degradation of the concrete, corrosion of the 
reinforcement and deterioration of the structure.  
 
a)     b)   
Fig. 2. (a) bottom surface of the prefabricated cover slabs and (b) capital of the column. 
 
a)        b)                 
Fig. 3. Technological breaks visible on the tanks’ wall (a) about 2.5 m above bottom slab layer and (b) in the vicinity of the bottom slab. 
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a)        b)  
Fig. 4. (a) Examples for non-horizontal cold joints. (b) Tests performed to the structures. 
3.1. Depth of carbonation 
In the tanks’ shells there are not numerous cracks and spallings of the concrete cover. The degradation process of 
the structures decreases its functional state and makes it unacceptable for exploitation [2], [3]. 
The range of carbonization was evaluated with the use of 0.1% phenolphthalein solution in ethanol [4], [5]. The 
spots for the test were selected, and the external layer of the concrete was removed (1-2 cm, or deeper if needed). 
The surface was sprinkled with distilled water and then with a marker solution. Carbonized concrete does not 
change colour. The nearby concrete changed its colour to violet (see Fig. 5). In the table below, the measured depths 
of carbonization were summarized. It can be concluded that the mean depth of carbonization in the treated water 
tank is about three times larger than in the raw water tank. The leach corrosion in the raw water tank is due to soft 
water with low mineral content. Circulating clean and soft water causes deterioration of the concrete. The corrosion 
is an effect of the dissolving and leaching of calcium carbonate (CaCO3). The leaching corrosion worked like a 
detector finding spots with inadequately poured concrete, for example in the technological breaks and unintended 
(random) concrete casting section. Soft water easily dissolves cement, therefore the tanks’ shells have almost lost 
their alkalinity. Loss of alkalinity of concrete (pH<12) may result in corrosion of the reinforcing steel. The 
inspection has shown only one spot with the neutralized concrete layer larger than the concrete cover (3 cm). Taking 
into account the quality of concrete works, it may be deduced that there are more places with the neutralized 
concrete layer larger than the concrete cover. In those places the corrosion process may have been initiated. 
Table 1. Depth of carbonization. Summary of test results.  
Water tank Number of tests 
performed 
 Carbonization depth [mm] 
maximum minimum average 
Raw water tank 10 4 1.5 2.5 
Treated water tank 15 18 5 8 
 
 
Fig. 5. Tests of carbonization depth. Honeycomb in concrete. 
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3.2. Sclerometric tests 
The tests were performed to evaluate concrete homogeneity and concrete compressive strength. Schmidt hammer 
type N was used. The tests were conducted on the internal walls and central columns of the tanks. The testing spots 
were localized in two strips, 0.7 m and 2.0 m above bottom level. Six readouts were taken on five spots in each strip. 
The tests were performed according to current regulations. Based on the test results, the concrete class was 
evaluated as C16/20, which was adopted for further calculations. The concrete compressive strength in the treated 
water tank was slightly higher, probably due to hardened thicker layer of carbonized concrete. Homogeneity of the 
concrete in the raw water tank was adequate, while the homogeneity of concrete in the treated water tank was not 
sufficient. 
3.3. Design proof calculations  
The calculations for the tank were performed according to Euler-Bernoulli bending theory and with application 
of equations from technical literature [6]. The top edge of the tank is assumed to be free, with no restraint. The walls 
are fixed at the bottom slab. Two scenarios were considered. In the first scenario, the tank is filled up with water to 
5 m, and it is not surrounded by soil. In the second scenario, the tank is empty, but subjected to soil pressure. In the 
first scenario, the maximum force is N = 1.8 kN/cm, about 1.2 m above bottom level. The moment at the wall base 
is M = 11 kNcm/m. In the second scenario, the values are corresponding: N = -2.2 kN/cm, M = -14 kNcm/cm. The 
double layers of horizontal and vertical reinforcement were designed in the tanks’ walls. Internal vertical 
reinforcement is equal to 5.24 cm2/m while external is equal to 11.25 cm2/m. The longitudinal reinforcement varies 
in seven strips. It was summarized in Table 2. 
            Table 2. Summary of longitudinal reinforcing steel.  
No 1 2 3 4 5 6 7 
Stripe width [m] 0 – 0.52 0.52 – 1.48 1.48 – 1.932 1.93 – 2.53 2.53 – 3.04 3.04 – 4.042 4.04 – 5.60 
Amount of the reinforcing 
steel [cm2/m] 
12.08 18.84 10.46 7.86 7.58 5.02 3.36 
 
4. Proposed repair methods 
The statistical analysis has proved the stability of the tanks’ structure. To prevent further degradation of structural 
elements and assure its impermeability, the tanks have to be repaired and protected. It concerns especially the walls 
of the treated water tank. The repair should a include refill of concrete losses and application of the protection layer. 
Repair and isolation of the tanks is a complicated process. The results depend on selection of materials and quality 
of repair work [7], [8].  
The recommended procedures follow. The tanks’ walls, central columns, and bottom slab should be cleaned of 
residues with water under high pressure. A fan heater should be installed on the internal walls in order to dry and 
warm up the concrete. Then the entire walls should be inspected once more in order to identify honeycombs, and all 
cold joints [9]. Some of them have already been repaired and protected with unidentified materials. It is 
recommended to repair them once more. The honeycombs in concrete and materials from previous repairs should be 
removed. Along the cold joints the concrete should be incised and removed in strips, 8-10 cm wide and a minimum 
of 2 cm deep. Honeycombs should be incised around, than the concrete in between should be removed. Between the 
wall and the bottom slab a small groove should be incised (about 2 cm deep and 5 cm wide). The cracks wider than 
0.2 mm should be widened to 1.5 to 2.0 cm. All the surfaces where the concrete was removed should be cleaned. 
The corroded shimming pads in the cover slabs should be cut and removed. The corroded reinforcing steel bars 
should be exposed about 10 cm beyond the corroded zone. If more than the half of its perimeter is corroded, the bar 
has to be uncovered around the entire perimeter, and at least 1 cm deep into the structure. The steel bars should be 
cleaned and protected with anti-corrosion materials. The surfaces under repair should be covered with a special 
primer improving bonding between old and new concrete. Before the bonding layer dries, the holes should be 
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refilled. Finally, the surfaces of the walls, columns and cover slabs (also those that did not required repair) should be 
covered with a protection layer in order to limit diffusion of gases, stop the carbonization process of the concrete, 
close smaller cracks, and provide impermeability to the tanks. 
The major bonding material in repair materials is cement, which is mixed with aggregate and additives. The final 
material characterizes with good repair properties. Numerous companies on the market offer professional high 
quality materials to protect reinforcing steel against corrosion, execute a bonding layer, refill the structures, and 
protect against humidity, water, and other undesired factors. 
 
5. Summary and conclusions 
The direct reason for the bed tanks’ state is their inappropriate construction. The quality of the construction 
works is much lower than it used to be in that period. There are numerous cold joints, where the new concrete is not 
bonded to the old one. It is common to observe leakage in those joints. The design proofs calculations have 
confirmed that ultimate limit state and crack control are fulfilled. The main and secondary reinforcement was 
designed with the use of steel of high quality (fyk=360 MPa), resulting in larger bar spacing. In structures with large 
bar spacing's, cracks due to shrinkage occur more often. Concrete compressive strength is adequate, which was 
confirmed by sclerometric tests. However the concrete is not cast properly and it is not impermeable. In the analyzed 
tanks, at cold joints (unintended technological breaks), the corrosion of concrete and reinforcing steel occurred. The 
leach corrosion of concrete was more extensive in the tank for treated water, being an effect of the circulation of soft 
water. A further consequence was corrosion of the reinforcing steel. The carbon monoxide created on the steel bars 
surfaces extends and causes small cracks. Then spalling of the concrete cover occurs. The reinforcing steel is being 
exposed. 
The tanks may continue to be exploited, when the internal surfaces of the walls, columns, and cover are repaired 
in accordance with the methods described in point 4 of this paper. After repair, it is essential to perform 
impermeability tests. To exploit the tanks, their external walls should be covered with soil. 
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